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Competing  anti  ferromagnetic  and  ferromagnetic ^exchange  occurs  in  the  x  >  0.4  to 
0.6  range  resulting  in  an  absence  of  long  range  magnet ic  order.  The  phenomenon 
is  s^i^rio  that  expected  of  spin-glass  behaviorl-^eutron  diffraction  studies 
of  Y6Mn23D23  show  that  a  transition  occurs  below  180K  from  a  fee  structure  to  a 
primitive  tetragonal  structure,  space  group  P4/tinm  with  the  onset  of  anti  ferro¬ 
magnetic  ordering.  The  Mn  moments  are  directed  along  the  c-axis.  The  transi¬ 
tion  probably  results  from  atomic  ordering  of  the  0  atoms  at  low  temperature 
which  induces^  axis  m^netic  ordering.  The  question  of  the  appropriate  space 
group  of  LaNi^.^lo.sD^^s,  P6/mmm  or  P3/m  has  been  resolved  by  a  careful  refine¬ 
ment  and  analysis  of  neutron  diffraction  data.  The  preferred  space  group  is 
P6/mmm.  The  discrepancy  in  the  space  group  determination  among  previous 
studies^ appears  to  arise  from  a  shallow  minimum  in  the  profiling  function  for 
this  systemT^Neutron  powder  diffraction  and  thermal  magnetizationjneasurements 
on  small  single  crystals  of  ErNi3,  ErC03,  and  ErFe3  (space  group  R3m)  show  that 
the  magnetocrystalline  properties  are  a  consequence  of  competing  local  site 
anisotropies  between  the  two  non-equivalent  crystallographic  sites  of  Er  and 
two  of  the  three  non-equivalent  sites  of  the  3d- transition  metal.  The  Curie 
temperature  of  ErNi3  is  about  39K.  From  39  to  about  lOK  the  Er'IWients  are 
collinear  but  below  10K  there  is  a  reorientation  of  the  spontanejbus  moment. 

The  moments  of  Erj  always  make  an  angle  with  the  c-axis  smaller  than  those  of 
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I.  INTRODUCTION 


The  rare  earth  hydrides  such  as  RH^  and  RgH23  (where  R  =  rare  earth,  Y, 
Th,  and  H  »  3d  transition  metal)  exhibit  low  plateau  pressures  at  room 
temperature  suggesting  their  possible  use  for  high  power  switching  devices 
similar  to  those  employing  hydrides  of  '-aNig_jjAljj.  Furthermore,  the  atomic 
structures  of  the  non*hydrogenated  compounds  can  be  related  to  the  RM2  Laves 
phase,  and  the  and  RM^  phases  as  instituting  building  blocks  for,  say, 

the  RNj  structure,  e.g.,  2  RMg  -  H  ♦  R  ■  3  RH^,  also  see  Fig.  1. 

Certain  compounds  of  the  latter  two  structures,  R2HX7 
developed  with  high  BH  products,  e.g.,  SmCo^.  The  high  magnetocrystalline 
anisotropy  exhibited  by  such  hard  magnet  materials  arises  from  reinforcement 
of  local  site  magnetic  anisotropies.  Accordingly,  studies  of  the  magnetic 
structures  of  the  RH^  can  provide  an  understanding  of  how  local  site 
Symmetries  interact  to  yield  the  bulk  magnetic  anisotropy  and  how  these  local 
anisotropies  can  be  altered  (by  elemental  substitution)  to  provide  better 
magnets. 

Additionally,  upon  hydrogenation  the  magnetic  properties  of  these 
intermetallic  compounds  may  change  dramatically.  As  for  the  RN^  systems,  the 
magnetic  structures  of  the  hydrogenated  compounds  are  relatively  unknown; 
however,  in  the  case  of  the  RgN23  systems,  the  changes  in  the  magnetic 
structures  of  some  RgNn23  compounds  are  striking  upon  hydrogenation.  Whereas 
YgHn23  exhibits  long  range  magnetic  ordering  and  ThgHn23  does  not,  their 
hydrides  exhibit  reverse  behavior.  At  low  temperatures,  <  180K,  deuterated 
^6^''23  anti  ferromagnetic  behavior. 

The  location  of  the  hydrogen  atoms,  therefore,  not  only  plays  a  major 
role  in  determining  the  stability  of  these  hydrides,  but  also  influences  their 


Fig.  1. 
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(a)  Crystalline  structure  of  the  rhombohedral  RM^  compounds. 

(b)  Crystalline  structure  of  the  Laves  cubic  phase  RMo* 

(c)  Crystalline  structure  of  the  hexagonal  RMc  phase. 
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electronic  and  magnetic  properties.  Neutron  diffraction  provides  a  direct 
means  to  determining  the  light  atom  (deuterium)  locations  and  in  addition 
permits  us  to  determine  the  extent  of  atomic  ordering  when  transition  metals 
of  neighboring  atomic  numbers  are  present  in  the  compounds.  In  conclusion, 
neutron  diffraction  techniques,  complemented  by  magnetic  susceptibility 
measurements  and  Nfissbauer  spectroscopy  provide  a  direct  probe  of  magnetic 
structure  and  changes  therein,  possible  atomic  ordering  effects,  and  site 
location  of  the  hydrogen  (deuterium)  atoms. 


II.  SUHHARY  OF  RESULTS 
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A.  Magnetic  Structures  of  RgM23Compounds 

1.  YgMOpj  -  Effect  of  Stoichiometric  Variations  on  the  Magnetic  Moments. 


The  crystal  structure  of  YgMn23  is  face  centered  cubic  (FmSm),  isotypical  with 
ThgMnzs.  There  are  four  nonequivalent  lattice  sites  occupied  by  the  Mn  atoms 
and  one  lattice  site  (e)  occupied  by  six  Y  atoms.  The  four  transition  metal 
sites  are;  b  (one  atom),  d  (six  atoms),  and  f^  and  f2  (eight  atoms  each).  The 


magnetic  structure  has  been  shown 


(1.2) 


to  be  ferrimagnetic  with  the  manganese 


atoms  occupying  the  four  sites,  each  with  its  own  unique  magnetic  moment. 
While  these  moments  are  reported  to  be  col  linear,  the  ones  on  the  b  and  d 
sites  (Wycoff  notation)  couple  antiferromagnetically  to  those  on  the  f^  and  f2 
sites.  The  range  of  values  obtained  for  the  individual  Mn  moments  are  given 
in  Table  I.  The  results  of  Hardman  et  al^^^  were  obtained  using  powder  neutron 
diffraction,  while  those  of  Delapalme  et  al^^^  were  obtained  using  a  single 
crystal  and  polarized  neutrons.  It  was  suspected  that  the  relatively  large 
variations  in  the  reported  Mn  moments  might  arise  from  large  stoichiometric 
variations  between  the  powders  and  the  single  crystal. 


Table  I.  Range  of  manganese  moments  for  YgMn23  reported  previously. 
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Accordingly,  neutron  diffraction  data  were  obtained  at  80  and  600K  for 
five  compositions,  YgHngj,  Y5Mn22*  YgHn23,  YgMn24,  YgMn25,  and  at  9  and  600K 
for  YgHn2g.  Because  some  of  the  ingots  contained  second  phases,  these  phases 
had  to  be  subtracted  from  the  neutron  patterns  before  refinement  was  possible. 
A  previously  determined  structure  for  YHn2^^^  was  used  for  calculating 
relative  intensities  of  expected  reflections  for  this  second  phase.  The 
appropriate  magnitude  for  this  set  of  calculated  reflections  was  chosen 
empirically.  Calculated  gauss ian-shaped  reflections  corresponding  to  the  YMn2 
pattern  were  then  subtracted  from  the  experimentally  obtained  YgMn2j  and 
YgHn22  A  similar  procedure  was  used  to  subtract  out  YMn^2  which 
appeared  in  the  YgMn2g  and  YgHn2g  patterns.  Following  the  above  procedure, 
the  resulting  patterns  were  refined  using  the  Rietveld  profiling  method. 

Atomic  absorption  analyses  showed  that  the  induction  melting  process  was 
responsible  for  the  evaporation  of  approximately  one  formula  unit  of  Mn  per 
stoichiometric  unit  of  compound.  High  precision,  back -ref lection.  X-ray 
photographs  revealed  definite  changes  in  the  cell  parameters;  at  room 
temperature  ag  ®  12.416A  for  YgMn2j,  and  12.404A  for  YgMn2g.  Similar  changes 
were  observed  at  lower  temperatures. 

The  results  of  the  80K  neutron  diffraction  pattern  refinements  are  shown 
in  Table  II  and  indicate  little  change  with  stoichiometry  in  the  refined 
crystallographic  structure  as  well  as  in  the  refined  magnetic  moments.  The 
only  exceptions  are  the  end  members  of  the  stoichiometric  range  where  the 
moments  on  the  b  sites  show  some  variation.  Although  the  YgNn2g  data  were 
taken  at  9K  rather  than  80K,  the  Mn  moments  are  essentially  saturated  at  80K 
and  therefore  can  still  be  compared. 
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Table  II.  Results  of  refinements  of  80  K  data  for  YgMn^  compounds.* 
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It  was  determined,  however,  that  if  small  amounts  of  a  second  phase  are 
present  and  hot  accounted  for,  the  refinement  can  yield  somewhat  variable 
results,  particularly  for  the  b  site  moment.  This  value  is  particularly 
susceptible  to  such  situations  because  of  the  low  multiplicity^^^  of  the  b 
site. 

It  is  reasonable,  therefore,  to  conclude  that  variations  in  the 
previously  reported  moments^^’^^  are  not  a  result  of  major  stoichiometric 
differences  in  samples.  Experimental  techniques  used  in  the  previous  studies 
are  sufficiently  precise  to  reasonably  assume  a  difference  of  less  than  one 
formula  unit  of  Hn  per  formula  unit  of  ^5^023  existed  between  the  two  samples. 
The  results  presented  here  clearly  show  that  a  stoichiometric  difference  this 
small  cannot  account  for  the  reported  differences  in  magnetic  moments. 

2.  YglFe^  )(Hn^^l23  ~  Atomic  Ordering  and  Magnetic  Structures.  When  iron 
atoms  are  introduced  into  the  ferrimagnetic  compound  YgHn23^^^.  the  lattice 
contracts,  the  antiferromagnetic  Hn-Nn  exchange  is  enhanced  which  in  turn 


decreases  the  magnetization  and  the  Curie  temperature.  Likewise  substitution 


of  Mn  Into  the  YgFe23  structure  lowers  the  Curie  temperature  and  magnetization 
but  the  ensuing  changes  are  drastic  and  out  of  proportion  to  the  amounts  of 
substitution,  see  Fig.  2.  For  example.  In  the  compositional  range  x  »  0.5  to 
0.75,  there  exists  no  long  range  magnetic  ordering. 


A  CURIE  TEMPERATURE 
O  MAONETiZATION -KIRCHMAYR[381 
A  MAONETIZATION -BECHMAN[391 

Fig.  2.  Curie  temperatures  and  bulk  magnetizations  for  Yg(Fe,  Hn 
compounds.  ®  i-x  x 


Neutron  diffraction  data  were  taken  on  eleven  compounds  across  the 
compositional  range  of  the  system.  Substantial  preferential  ordering  of  the 


Fe  and  Nn  atoms  occurs  with  Nn  atoms  preferring  to  occupy  the  f2  sites  and  the 
Fe  atoms,  the  f^  sites  throughout  the  entire  compositional  range.  Fig.  3. 


Fig.  3.  Preferential  site  ordering  of  Hn  atoms  expressed  as  a 

percentage  departure  from  a  stoichiometric  distribution. 

For  the  Nn-rich  compositions  (x  «  0.8,  0.9,  1.0),  the  Nn  moments  on  the  b 
and  d  sites  remain  coupled  antiparallel  to  those  of  the  two  f  sites.  NOssbauer 
spectra  obtained  for  x  «  0.8  and  0.9  show  that  the  Fe  atoms  have  no 
spontaneous  '  .(5f6)  Therefore,  the  long  range  magnetic  ordering  arises 

solely  from  substitutions.  These  Interactions,  however,  are  sharply 

reduced  upon  tne  introduction  of  Fe  leading  to  the  pronounced  reduced  Curie 
temperatures  and  magnetizations  shown  In  Fig.  2. 

Upon  substitution  of  Nn  Into  the  Fe-rich  ternaries,  the  average  Fe 
moments  are  very  much  reduced  as  a  consequence  of  some  anti  ferromagnetic 


a 


randomization  of  Fe  and  Mn  atoms,  and  thus  competing  anti ferromagnetic  and 
ferromagnetic  exchange  occurs  In  the  x  =  0.4  to  0.6  range  corresponding  to  the 
range  of  disappearance  of  long  range  magnetic  order.  This  frustration 
phenomenon  Is  similar  to  that  found  In  many  spin-glass  systems. 

The  Yg(FeQ  73Mng  27)23  compound,  which  Is  close  to  the  composition  at 
which  long  range  order  breaks  down,  exhibits  anti ferromagnetic  coupling 
between  the  Fe  moments  as  opposed  to  the  ferromagnetic  coupling  observed  In 


I 


the  richer  Fe  ternaries. 

3.  ErgMn23  -  Magnetic  Structure.  The  magnetic  structure  of  this 
ferrimagnetic  structure  (T^  =  486K)  was  determined  using  powder  neutron 
diffraction  (1.8  -  300K) ,  polarized  neutron  diffraction  of  a  single  crystal  at 


'.V 


300K,  the  [111]  direction  maintained  vertical,  and  from  single  crystal 
magnetization  measurements  along  the  three  principal  crystallographic 
directions  [100],  [110],  and  [111]. 

The  polarized  neutron  results  confirm  the  presence  of  a  col  linear 
structure  at  300K.  The  coupling  of  the  moments  on  the  different  Mn  sites  Is 
the  same  as  observed  for  YgMn23.^^^  moments  In  ErgMn23  are  smaller 
than  those  In  the  Y  compound;  the  Er  moment  Is  0.5  Ug  at  300K,  Table  III. 

The  magnetization  studies  show  that  at  4.2K,  [111]  Is  the  easy  direction 
of  magnetization,  but  even  at  ISOKO^,  saturation  Is  not  achieved. 
Magnetization  measurements  along  [100]  and  [110]  reveal  a  large 
magnetocrystal  line  anisotropy.  Above  lOOK  the  anisotropy  disappears,  and  a 
large  susceptibility  Is  superposed  upon  the  spontaneous  magnetization. 

All  observed  reflections  of  the  neutron  powder  data  are  characteristic  of 
the  ThgNn23  structure.  Only  slight  variations  are  observed  In  the  Intensities 
of  the  different  reflections  between  300  and  lOOK.  Below  lOOK  there  Is  a 
pronounced  change  In  the  Intensities  resulting  mainly  from  the  magnetic 


9 


Table  III.  Thermal  variation  of  Er  and  Mn  moments. 

Y6Mn23 


ErgMno  3 


4.2K* 

300K* 

300K* 

100 

4. 

,2 

R 

— 

— 

.50 

(5) 

1.35 

(6) 

7.5 

(1) 

Mn  j 

(4b) 

-2.81 

(12) 

-2.25 

(9) 

-1.88 

(9) 

-2.5 

(2) 

-2.6 

(2) 

Mn2 

(24d) 

-2.07 

(4) 

1.72 

(4) 

-1.44 

(4) 

-1.6 

(1) 

-1.7 

(1) 

Mna 

(32  Cl) 

1.79 

(4) 

1.52 

(3) 

1.21 

(4) 

-1.6 

(1) 

1.6 

(1) 

Mnt. 

(32f2) 

1.77 

(4) 

1.27 

(3) 

1.05 

(3) 

-1.5 

(1) 

1.5 

(1) 

^polarized  neutron  dlffr.  ()  standard  deviation. 

contributions  of  the  Er  atoms.  A  colllnear  model  does  not  give  a  satisfactory 
fit  to  the  neutron  data.  At  4.2K  the  best  fit  results  In  a  noncolllnear  model 
retaining  the  same  Nn  sub-lattice  as  found  for  T5Mn23  but  with  lower  moment 
values.  The  Er  moments  are  Inclined  at  6  »  9*  from  the  cube  axis  on  which  the 
Er  atom  lies.  The  Er  moment  Is  7.5  Ug,  considerably  less  than  the  free  Ion 
value  (9j)ig  *  9  ug).  The  thermal  variation  of  the  Er  moment  and  Its  angle 
with  the  cube  axis  Is  shown  In  Fig.  4. 


Ir  MMMTIC  MMNT 


I  °M«.I 


Fig.  4.  Variation  of  |Mc_|  and  e  (angle  of  to  [100])  with 
temperature. 


The  Curie  temperatures  of  ErgHn23  and  Y5Mn23  are  of  the  same  order  of 
magnitude  indicating  the  Hn-Mn  interactions  to  be  dominant;  they  stabilize  the 
strong  ferrimagnetic  coupling  of  the  Hn  sites.  In  the  Hn  compounds  the 
coupling  between  Hn  atoms  is  very  sensitive  to  the  distance  of  separation.  Due 
to  the  lanthanide  contraction,  the  Mn-Mn  distances  are  smaller  for  the  Er 
compound  than  for  YgMn23;  accordingly,  there  is  a  slight  decrease  of  Curie 
temperature  and  therefore  smaller  Mn  moments  for  the  former. 

The  magnetic  configuration  of  Er  atoms  is  a  result  of  crystal  field  and 
exchange  field  effects  on  the  Er  moments.  As  a  consequence  of  the  special 
position  of  the  Er  atoms  on  the  cube  axis,  there  results  an  axial  local 
symmetry.  The  second  order  terms  of  the  crystal  field  are,  therefore, 
dominant.  In  the  Stevens  notation,  the  Hamiltonian  of  an  Er  atom  is  given  by 

H  ■  «B"ex  • 

where  Oj  is  the  Stevens  coefficient,  02^  is  a  crystal  field  operator,  and  V2*^ 
characterizes  the  electrical  environment  of  the  rare  earth  atom.  «jV2^  is 
negative  in  ErgNn23.  At  low  temperatures  the  crystal  field  term  favors  the 
[100]  direction.  The  Er  atoms  on  the  three  different  cube  axes  have  easy 
directions  normal  to  each  other,  thus  the  magnetic  structure  is  noncol linear. 

The  rotation  of  the  Er  moments  is  not  associated  with  a  transition 
between  two  configurations  of  nearly  equal  energy.  Rather,  it  results  from 
the  temperature  effect  on  the  crystal  field  levels  in  the  presence  of  the 
exchange  field.  This  result  is  consistent  with  our  specific  heat  measurements 
which  show  no  anomaly. 

We  have  attempted  to  fit  the  variation  of  the  spontaneous  magnetization 
along  [111]  with  the  temperature  (300  -  lOOK)  using  •  30k0g.^®^  The  best 
fit  is  obtained  for  «jV2®  ■ 


1.2K. 


B.  Atomic  and  Magnetic  Structures  of  Hy or ides 

1.  ^6^^23^23  ~  Structural  and  Magnetic  Properties.  The  magnetic 
behavior  of  YgNn23  is  dramatically  altered  upon  hydrogenation  (or 
deuteration).  For  example,  it  has  been  reported^^^  that  ThgNn23  is  a  Pauli 
paramagnet  whereas  ThgNn23H23  is  ferromagnetic  with  T^,  ■  355K.  By  contrast, 
YgHn23  is  ferrimagnetic  whereas  ^5^''23^23  spontaneous 
magnetization,  even  at  4.2kJ^^  In  an  attempt  to  explain  the  effect  of 
hydrogenation,  powder  neutron  diffraction  data  were  collected  at  298  and  80K 
on  the  two-axis  neutron  diffractometer  at  the  Missouri  University  Research 
Reactor.  Refinement  of  the  data  was  carried  out  using  a  Rietveld  profile 
technique  as  modified  by  Prince. Magnetic  susceptibilities  were  measured 
by  the  extraction  method  at  the  Service  Rationale  des  Champs  Intenses  at 
Grenoble,  France.  Measurements  were  performed  at  temperatures  from  2  to  300K 
and  at  fields  up  to  150  kOe. 

The  initial  refinement  of  neutron  data  at  room  temperature  assumed  a 
face-centered  cubic  symmetry  as  used  in  an  earlier  study. Results  of  the 
refinement  of  room  temperature  data  showed  deuterium  atoms  occupying  the  4a, 
32f2,  96j,  and  96k  sites  (Wycoff  notation)  as  shown  in  Table  IV.  The  96j  and 
96k  sites  were  significantly  less  than  fully  occupied.  The  refined  cell 
parameter  was  found  to  be  12.789A,  slightly  less  than  that  reported  by 
Commandre  et  al,^^^)  but  in  good  agreement  with  the  12.78A  obtained  by  Buschow 
and  Sherwood^^^^  using  X-ray  diffraction.  Other  parameters  agreed  fairly  well 
with  those  obtained  by  Commandre  et  al^^^^  and  by  Hardman  and  Rhyne, the 
only  exception  being  the  variable  coordinate  of  the  Y  site  which  was  in  better 
agreement  with  the  results  of  the  latter  group.  The  refinement  gave  a 


Table  IV.  Results  of  room  temperature  structure  determinations  of  YcMnooO,, 
using  face-centered  cubic  symmetry.  ° 


Site 


Position 


Parauneter 


Y 

24e 

Mn 

4b 

Mn 

24d 

Mn 

32£i 

Mn 

D 

4a 

D  96j 


D  96k 


cell  parameter  (A) 


R- factor 

R-pro£ile  (weighted) 
R>expected 


N 

6 

6 

6 

X 

.235 

.208 

.210(1) 

j  N  111 

N 

6 

6 

6 

N 

8 

8 

8 

X 

.186 

.182 

.183(1) 

N 

8 

8 

8 

X 

.377 

.370 

.375(1) 

N 

8 

5.6 

.  8.4(3) 

X 

101 

.102 

.103(1) 

N 

9.6 

9 

10.4(4)  . 

y 

167 

.167 

.157(2) 

z 

370 

.373 

.366(2) 

N 

4.3 

153 

6.4 

3.7(3) 

X 

.16 

.161(2) 

z 

Oil 

.046 

.043(2) 

12.840 


4.8% 


12.789(3) 


5.8% 

9.9% 

4.8% 


(a)  M.  Commandre,  et  al.  [22],  (b)  K.  Hardman  and  J.  J. 

^yne  [26],  (c)  present  study. 


weighted  profile  R-factor  of  9.91  and  a  best  expected  R-factor  of  4.8X 
yielding  a  x-va1ue  (defined  as  the  weighted  profile  R-factor  divided  by  the 
best  expected  R-factor)  of  2.1. 

Data  taken  at  80K  showed  the  presence  of  new  peaks  not  present  at  room 
temperature.  These  new  reflections  could  only  be  explained  by  an  ordered 


array  of  magnetic  moments.  No  report  of  this  existed  previous  to  this  study. 
The  new  reflections  could  only  be  Indexed  by  reducing  the  overall  symmetry.  A 
probable  choice  for  the  reduced  symmetry  was  body-centered  tetragonal.  At 
this  stage  the  questions  arose  as  to  whether  this  resulting  distortion 
(reduction  In  cubic  symmetry)  occurred  as  magnetic  ordering  took  place  or  upon 
deuteratlon  of  YgHn23. 

Accordingly,  the  room  temperature  data  were  again  refined  based  on  a 
structure  having  I4/mmm  symmetry,  see  unit  cell.  Fig.  5.  The  large  square  Is 
the  original  cubic  unit  cell,  the  smaller  canted  square  Is  the  tetragonal  unit 
cell.  In  the  tetragonal  cell  the  Y  atoms  occupy  the  4e  and  8h  positions  while 
Hn  atoms  occupy  the  2b,  4c,  8f,  ISn^  and  16n2  sites.  Results  of  the 
refinement  yielded  a  weight  profile  R-factor  of  6.4%  and  a  x  value  of  1.8 
which  was  significantly  better  than  that  obtained  using  fee  symmetry. 

Returning  to  the  magnetic  refinement  of  the  80K  data,  In  as  much  as  there 
was  no  bulk*  magnetization  evidenced  by  the  compound,  any  magnetic  ordering  had 
to  be  anti ferromagnetic  In  nature.  Furthermore,  our  susceptibility 
measurements  were  characteristic  of  anti ferromagnetic  behavior.  Fig.  6.  A 
Ntel  transition  temperature  of  about  160K  was  evidenced  by  the  cusp  In  the 
susceptibility  plot.  The  linear  nature  of  the  plots  with  temperature,  and  at 
all  applied  fields  from  5  to  150  kOe  Indicated  the  Nn-Nn  Interactions  to  be 
strong. 

The  absence  of  004  reflections  In  the  neutron  diffraction  pattern  at  80K 
suggested  a  col  linear  magnetic  structure  with  the  moments  aligned  parallel  to 
the  c-axis  of  the  tetragonal  cell.  However,  due  to  the  time  reversal  symmetry 
elements  (or  antisymmetry  elements)  that  occur  In  magnetic  systems  as  a 
consequence  of  reversal  of  moment  directions  when  spin  and  orbital  motions  are 
reversed,  the  body  centered  tetragonal  symmetry  had  to  be  reduced  to  primitive 
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X  ±  21  X  ±.S 


Fig.  5.  Cubic  and  tetragonal  unit  cells  for  the  ThgMn23  structure. 
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tetragonal  P^/mtnm,  or,  in  terms  of  a  “Shubnikov"  space  group,  Pj4/mm‘m'. 
Refinement  resulted  in  a  magnetic  R-factor  of  about  16%  which  was  considered 
somewhat  high  in  that  the  overall  x  value  for  both  atomic  and  magnetic 
ordering  was  in  excess  of  2.5. 

Below  80K,  the  magnetic  susceptibility  was  observed  to  rise  slowly  with 
decreasing  temperature,  see  Fig.  6.  This  could  not  be  explained  by  a  simple 
anti  ferromagnetic  model.  Accordingly,  we  decided  to  collect  additional 
neutron  diffraction  data  in  collaboration  with  Kay  Hardman-Rhyne  and  J.  J. 
Rhyne  at  MBS  using  their  high-resolution  five-detector  powder  diffractometer. 

At  295K  the  NBS  data,  taken  over  a  wider  scattering  angle  range  with  a 
higher  instrumental  resolution,  indicated  no  departure  from  fee  symmetry  for 
^6^”23®23*  structural  parameters  were  derived  from  a  modified  Rietveld 
refinement  based  on  the  space  group  Fm3m,  see  Table  V.  The  deuterium  atoms 
were  found  to  prefer  the  a,  f^,  jj,  and  kj  sites.  Based  on  geometric  model 
criteria^^®^  that  hydrogen  atoms  cannot  be  closer  together  than  2.lA,  the  jj 
site  cannot  have  more  than  12  deuterium  atoms  per  formula  unit.  Ten 
deuteriums  per  formula  unit  were  found.  The  model  also  predicts  that 
deuterium  atoms  cannot  occupy  the  kj  site  unless  some  deuterium  atoms  are 
removed  from  the  f^  site.  This  was  indeed  found  to  be  the  case,  in  contrast 
to  that  of  Coramandre  et  al^^^^  who  reported  the  f^  site  filled  and  four 
deuterium  atoms  in  the  k^  site. 

The  temperature  factors  for  deuterium  in  the  a  and  sites  are  quite 
large  suggesting  for  the  a  site  that  there  is  little  or  no  bonding  to  the  six 
Y  atoms  surrounding  it.  As  for  the  jj  site,  the  high  thermal  factor  probably 
arises  from  an  averaging  effect  of  0  atoms,  disordered  between  two  sites 
that  are  only  0.90A  from  one  another. 


s.  Z 


A  crystallographic  distortion  is  evidenced  below  180K  as  shown  in  the 
expanded  high  angle  data  for  295  and  4K,  Fig  7.  In  the  4K  data 
at  2 e  *  91.0’,  the  (11,3,3)  and  (9,7,3)  reflections  have  split  and  the 
intensities  have  changed.  In  the  fee  lattice  at  295K  there  is  only  one  peak 
observed  in  this  region. 
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Fig.  7.  Expanded  high  angle  data  for  Y6'^n23D23  at  295  and  4K  showing  the  peak 
broadening  accompanying  the  tetragonal  distortion  below  the  crystal 
structure  transition  temperature.  Solid  lines  in  both  cases  are  the 
profile  fit  for  the  295K  fee  data.  Shift  in  the  solid  line  represents 
the  lattice  contraction  at  low  temperatures. 

The  best  fit  to  the  nuclear  structure  of  YgMn23D23  at  low  temperatures  (T 
<  180K)  is  P4/mmm.  This  structure,  as  shown  in  Table  V,  splits  the  single  e 
site  into  four  sites  (g,  h,  j,  k)  and  the  b  site  into  b  and  c  sites.  The  d 
site  is  split  into  e,  f,  and  r  sites.  The  Mn  f  site  and  the  Of  site  are  split 
into  s  and  t  sites.  The  Da  site  is  split  into  a  and  d  sites,  and  the  Dj  site 
is  split  into  p,  q,  and  four  r  sites. 

Only  half  of  the  original  (fee)  j  site  can  be  filled.  The  results.  Table 
VI,  show  the  p  site  to  be  half  filled,  the  q  site  almost  half  filled,  and  the 
r^t  r^  sites  almost  filled.  There  are  no  D  atoms  in  the  r3  and  r^  sites.  The 


Table  VI.  Atomic  parameters  of  YcMn23D23  at  78  and  4K  in  the  P4/mmm  tetragonal 
structure.  All  x,  y,  z,  and  B  values  were  refined  except  the  x,  y,  z  values 
that  are  0  or  .  All  deuterium  occupancy  values  were  also  refined. 


78  K  4  K 
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the  long  range  order,  Table  VII.  The  Mn  moments  are  directed  along  the 
c-axis.  The  splitting  of  the  f  sites  allows  the  Mn  atoms  to  be  divided  among 
two  sites  (s  and  t)  with  antiparallel  moments  which  correspond  to  antiferro¬ 
magnetism  on  the  equivalent  fee  site.  The  d  and  the  fj  sites  of  the  fee 
structure  appear  to  have  no  magnetic  moment.  Larger  moments  on  the  f2  sites 
were  found  for  YgMn23D23  at  78K  rather  than  at  4K.  This  corresponds  to  the 
broad  minimum  observed  at  about  80K  in  the  magnetic  susceptibility.  Fig.  6. 

Table  VII.  Magnetization  values  in  lio/Mn  atom  for  YgMn23  and  YgMn23D23. 
Negative  and  positive  signs  indicate  directions  of  the  magnetic  moments  of 
the  Mn  atoms. 


PA/mmm  structure 
Y^MujjDij  78  K  4  K 

■V/2  f.u. 

Fmim  structure 
Y^Mnjj  4  K 

s  a  f.u. 

Mn  b 

-3.60 

-3.68 

1 

Mn 

b 

-3.05 

2 

c 

+  3.60 

+  3.68 

1 

Mn  e 

0 

0 

2 

Mn 

d 

-2.34 

12 

f 

0 

0 

2 

fi  • 

0 

0 

8 

Mn  S\ 

0 

0 

8 

Mn 

/. 

+  1.99 

16 

0 

0 

8 

Mn  Sj 

+  2.08 

+  1.60 

8 

Mn 

/: 

+  1.80 

16 

h 

-2.08 

-1.60 

8 

flo 

9.031 

9.030 

12.402 

Co 

12.723 

12.722 

II 

N 

II 

N 

9.97 

8.64 

8.38 

R. 

6.06 

5.81 

4.34 

1.64 

1.49 

1.93 

To  summarize,  the  room  temperature  structure  for  YgMn23D23  is  fee  with 
space  group  Fm3m.  The  deuterium  atoms  fill  the  a  site  and  partially  fill  the 
^3t  Ji*  and  kj  sites  which  is  in  reasonable  agreement  with  the  Westlake 
model for  AgB23Hjj  compounds. 

There  is  a  structural  and  accompanying  magnetic  transition  occurring  at 
about  17SK.  The  crystal  structure  transforms  to  a  primitive  tetragonal  space 
group  P4/mmm.  This  transformation  probably  results  from  the  atomic  ordering 
of  the  0  atoms  at  low  temperature  which  induces  the  ^axis  anti  ferromagnetic 


ordering  on  the  Mn  sites.  Y5f'n23D23  weakly  anti  ferromagnetic  with  the 

Mn  atoms  on  the  b  and  fg  sites  having  finite  magnetic  moments,  which,  in  the 
tetragonal  phase,  corresponds  to  Nn  moments  on  the  b  and  t2  sites  coupled 
antiparallel  to  those  on  the  c  and  S2  sites.  No  ordered  moment  was  found  on 
the  Mn  d  and  f ^  sites  of  the  fee  structure. 

2.  LaNi^  gAlq  ^  -  Structure  at  298  and  77K.  In  the  study  of 
magnetic  intermetal  lie  compounds,  it  is  important  that  an  accurate  determi¬ 
nation  of  space  group  and  atomic  structure  be  made,  particularly  if  the  atomic 
moment  directions  and  magnitudes  are  to  be  determined.  With  hydrides,  or  with 
compounds  involving  metals  of  nearly  similar  atomic  numbers.  X-rays  are  not 
sufficient  for  structure  determinations.  These  structures  are  often  solved 
using  neutron  diffraction  and  Rietveld  profiling.  Although  this  study  deals 
with  a  non-magnetic  hydride,  the  principles  involved  are  applicable  to  other 
hydrides  of  the  CaCug-type  intermetall ics  which  are  magnetic. 

LaNig  has  a  hexagonal  crystal  structure  belonging  to  the  P6/mmm  space 
group. Whereas  LaAl^  does  not  exist,  A1  may  be  substituted  for  Ni  up  to  a 
composition  of  about  LaNi^  jAlj  Studies  of  the  crystallographic 

structures  of  these  hydrides^^®*^^^  have  resulted  in  conflicting  reports, 

particularly  over  the  space  group  symmetry.  Percheron-Guegan  et  al^^®^ 
maintain  that  the  hydrides  have  structures  belonging  to  the  P6/mmm  space 

group,  suggesting  that  the  metal  atom  positions  are  essentially  unchanged  upon 
hydrogenation.  The  hydrogen  atoms  are  reported  to  be  in  five  distinct 

crystallographic  locations.  Fischer  and  co-workers^ contend  that  the 
structure  of  the  LaNig  hydride  belongs  to  the  P3/m  space  group.  Others 
have  also  reported  this  structure.  This  model  indicates  that  the  metal  atoms 
have  been  shifted  slightly  from  their  highly  symmetric  positions  during 


hydrogenation.  The  hydrogen  atoms  are  reported  to  be  In  only  two 
crystallographic  locations.  Both  studies  have  been  carried  out  at  room 
temperature. 

More  recently,  Wallace  et  al^^^^  have  calculated  configurational 
entropies  for  the  two  reported  structures.  These  values  were  compared  with  an 
experimental  value  derived  from  heat  capacity  measurements  made  by  Ohlendorf 
and  Flotow^^^^  for  LaNI^Hg  P^/m  structure  gave  a  configurational 

entropy  close  to  the  thermodynamically  derived  value,  whereas  the  structure 
reported  by  Percheron-Guegan  gave  a  configurational  entropy  three  times  that 
of  the  experimental  value. 

MHR  data  reported  by  Barnes  et  al^^^^  appear  to  support  the  P3/m 
structure  whereas  NMR  data  reported  by  Hal  stead appear  to  support  the 
P6/mmm  structure. 

Therefore,  we  undertook  to  determine  the  structure  of  LaNi^  ^AIq 
where  x  was  determined  to  be  4.5.  Powder  neutron  diffraction  data  were  taken 
at  298  and  77K  on  the  two-axis  diffractometer  at  the  University  of  Missouri 
Research  Reactor.  Careful  analysis  of  the  Rietveld  profiling  results  were 
used  to  determine  the  structure  and  its  temperature  dependence.  Each  pattern 
was  analyzed  twice— once  using  P6/mmm  symmetry  and  then  using  P3/m  symmetry. 
The  results.  Table  VIII,  indicate  very  little  difference  in  R-factors  between 
the  two  models.  However,  it  is  noteworthy  that  the  metal  atom  coordinates 
reported  by  Fischer  et  al  for  P3/m  structure  have  moved  upon  refinement  to 
values  one  standard  deviation  or  less  distant  from  the  coordinates  given  by 
the  P6/mmro  model. 

The  discrepancy  In  space  group  determination  among  previous  studies 
appears  to  arise  from  a  shallow  minimum  in  the  profiling  function  for  this 
system.  Five  coordinates  among  the  atoms  are  affected  by  the  space  group 


298K  data. 


Table  VIII.  Refinement  results  for  LaNi^  gAlg  5D4  5. 


P6/mmm 

Positional 

Atom 

Site 

Parameters 

(a) 

(b) 

La 

la 

x,y,z 

0.0 

0.0 

Ni 

2c 

z 

0 

• 

0 

0.980(9) 

Ni 

3g 

X 

0.5 

0.485(5) 

z 

0.5 

0.495(5) 

Ni 

6 

X 

0.290 

0.270* 

y 

0.580 

0.540* 

z 

0.0 

0.02  * 

Ni 

2e 

z 

0.310 

0.290* 

A1 

3g 

X 

0.5 

0.485(5) 

z 

0.5 

0.495(5) 

0 

6ro 

X 

0.139 

0.155(20) 

y 

0.861 

0.836(18) 

z 

0.5 

0.508(16) 

— 

0 

6i 

X 

0.5 

0.490(9) 

z 

0.120 

0.090(7) 

R-profile  (weighted)  4.11%  4.53% 


Refined  Composition 
PS/minin  —  9iNi4^  sqAIq.  43 

P31ni  —  Lao.  soNiu,  soAlo.  50D4. 72 


(a)  P6/n«min  symmetry  with  two  deuterium  sites. 

(b)  P31m  symmetry  with  two  deuterium  sites. 

*  The  occupation  of  these  sites  is  too  small  to 
obtain  meaningful  standard  deviations. 


choice.  These  are  the  z  coordinate  of  the  2c  Ni  site  (2b  in  P3/m),  the  x  and 
z  coordinates  of  the  3g  Ni-Al  site  (3c  in  P3/m),  and  z  coordinate  of  the  6m  0 
site  (6d  in  P3/m),  and  the  x  coordinate  of  the  6i  0  site  (3c  in  P3/m).  Fischer 
reported  these  coordinates  as  0.94,  0.47,  0.48,  0.56,  and  0.47,  respectively. 


whereas  In  the  P6/imnni  space  group  these  coordinates  are  specified  as  0.0,  0.5, 
0.5,  0.5,  and  0.5,  respectively.  A  series  of  eight  profile  analyses  were 
carried  out  in  which  these  coordinates  were  constrained  at  values  ranging  from 
slightly  more  displaced  that  those  of  Fischer  through  the  symmetrical  P6/mmm 
values.  The  resulting  R  factors  are  given  in  Table  IX  and  ill^fstrated 
graphically  in  Fig.  8a.  The  broad,  shallow  minimum  is  quite  evident  in  this 
region.  Fig.  9. 

The  same  series  of  analyses  was  carried  out  for  the  77K  data.  The 
results  which  are  very  similar  to  the  room  temperature  series  are  illustrated 
in  Fig.  8b  and  the  refined  positional  parameters  given  in  Table  X.  At  the 
lower  temperature  there  is  a  decided  improvement  in  the  profile  fit  to  the 
neutron  data  using  the  2  site  P6/mmm  symmetry,  R  factor  of  3.73  as  opposed  to 
6.68  for  the  P3/ra  symmetry.  The  cell  length,  a,  shows  a  contraction  from 
5.341  to  5.331A,  while  c  remains  at  4.236A. 

The  discrepancy  between  the  configurational  entropy  calculated  from  the 
structure  reported  by  Achard  et  al^^®^  and  the  experimentally  derived  value 
arises  primarily  from  the  abundance  of  fractionally  filled  hydrogen  sites.  The 
two  site  model  results  in  a  calculated  configurational  entropy  that  is  lower 
and  in  better  agreement  with  experiment.  The  configurational  entropy  is 
calculated  from  the  expression;  S  =  k  In  W,  where  W  is  the  number  of 

V 

complexations  associated  with  distributing  n  times  Nq  atoms  of  deuterium  over 
m  times  Ng  sites.  W  is  derived  from  the  following  expression: 
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According  to  Table  XVI 


ion  on  the  R-factor  for 


5  ^ 


Table  X.  Refinement  results  for  LaNi^  gAlg  gD^  g,  77K  data. 


P6/minm  Positional 
Site  Parameters 


0.290 

0.580 

0.0 


0.965(12) 


0.480(8) 

0.478(14) 


0.270* 
0.540* 
0.02  * 


0.310  0.290* 


.5 

0.480(8) 

.5 

0.478(14) 

.140 

0.164(30) 

.860 

0.840(28) 

.5 

0.511(28) 

.5 

0.485(15) 

.103 

0.070(14) 

.73% 

6.68% 

R-pro£ile  (weighted) 


(a)  P6/ininm  symmetry  with  two  deuterium  sites. 

(b)  P31m  symmetry  with  two  deuterium  sites. 

*  The  occupation  of  these  sites  is  too  small  to 
obtain  meaningful  standard  deviations. 


where  m  is  the  multiplicity  of  the  site,  a  is  the  fraction  of  this 

multiplicity  of  sites  that  can  actually  be  occupied  without  atomic  overlap, 

and  n  is  the  actual  occupation  number.  This  two-site  model  results  in  a 
calculated  configurational  entropy  of  6.1  J/*K  mole  H,  compared  to  an 
experimentally  derived  value  for  LaNi^Hg  of  4.3  J/'K  mole  H,  It  is 

presumably  valid  to  compare  these  values  as  the  experimental  as  values  for 
hydriding  these  compounds  are  practically  identical . The  calculated 
configurational  entropy  for  Fischer's  P3/m  structure  is  5.4  J/*K  mole  H  while 
that  for  Achard's  P6/mmm  structure  is  11.3  J/*K  mole. 

Thus,  the  neutron  data  indicate  that  the  symmetry  is  P6/mmm  while  the 
entropy  values  show  that  a  two-site  hydrogen  model  for  the  structure  is 
preferrable  over  a  five-site  model.  This  latter  conclusion  is  also  supported 
by  the  neirtron  data.  The  fact  that  a  trigonal  (6i)  site  is  occupied,  rather 
than  a  tetrahedral  (12n)  site  is  indicative  of  the  high  mobility  of  the 

deuterium  atoms  within  the  metal  lattice.  While  the  lowest  energy 
configuration  is  most  likely  one  with  atoms  in  the  (12n)  positions,  the 
amplitude  of  the  deuterium  atom  vibration  is  quite  high  and  compares  with  the 
(12n)  -  (12n)  intersite  distance.  Thus  these  atoms  are  continually  making 
jumps  from  one  (12n)  site  to  the  next.  The  trigonal  (6i)  site  is  an  energy 
saddle  point  midway  between  these  (12n)  sites  and  the  deuterium  atoms  would  be 
moving  much  slower  when  passing  through  these  sites  than  through  the  (12n) 
sites.  Even  if  the  deuterium  atom  did  not  contain  quite  enough  energy  to  make 
the  jump,  it  would  still  be  spending  much  more  time  at  the  ends  of  its 
vibrational  movements  near  the  (6i)  sites  than  at  the  (12n)  equilibrium 
positions.  Thus  the  time  averaged  neutron  diffraction  "picture"  sees  the 
atoms  in  the  (6i)  positions.  This  phenomenon  explains  why  the  kinetics  of  the 
hydrogen  absorption  and  desorption  for  LaNi^  jAIq  gD^  g  are  much  faster  than 


those  for  YgMn23023  or  £^5^023023.  where  all  deuterium  atoms  are  confined  to 
tetrahedral  or  octahedral  sites  and  are  not  observed  in  any  trigonal  "saddle 
point"  sites. 


C.  Neutron  Diffraction  and  Magnetic  Studies  of  ErM,  Intermetal  lies 


1.  ErNij  -  Magnetization  Measurements  and  Magnetic  Structure.  With  the 
exception  of  CeNi^,  the  rare  earth-nickel  compounds  of  this  stoichiometry 
crystallize  in  the  rhombohedral  structure  of  PuNi^,  space  group  R3m.  As 
previously  mentioned,  these  structures  can  be  deduced  from  the  structure  of 
the  RMg  compounds  by  means  of  appropriate  ordered  substitutions  of  rare  earth 
atoms  for  transition  metal  atoms, e.g., 

2MRg  -  M  ♦  R  =  3RM3  =  Ri2Rii”i2Mii6Mijj 
•  Examination  of  Fig.  1  reveals  that  the  rare  earth  atoms  are  restricted  to 
two  crystallographic  sites:  Rj  which  has  an  environment  of  nearest  neighbor 
atoms  nearly  that  of  the  rare  earth  in  the  RMg  structure;  and  Rjj 
corresponding  to  the  rare  earth  in  the  substitution  zone  with  an  environment 
nearly  that  of  a  rare  earth  atom  in  the  cubic  Laves  phase.  This  latter  phase 
can  be  also  derived  from  the  RMg  structure  by  the  same  substitutions  which 
generated  the  RM^  compounds,  namely 

RMg  -  M  +  R  *  2RM2 

In  the  Laves  phase  the  one  crystallographic  site  of  the  rare  earth  has  a 
cubic  symmetry  corresponding  to  43m  and  as  a  consequence  the  nearest  neighbor 
environment  of  the  Rjj  atom  in  the  RM3  structure  is  a  slightly  distorted 
tetrahedron,  with  elongation  occurring  parallel  to  the  3  axis. 

The  transition  metal  atoms  are  distributed  over  three  sites  where  two,  Mj 
and  Mjj,  have  axial  symmetry,  with  the  third,  Mjjj,  having  planar  symmetry.  Mj 


has  the  same  environment  as  M  atoms  in  the  Laves  phase  and  the  same  as  in 
the  RMg  phase,  see  Table  XI. 

Table  XI.  Atom  positions  for  the  rhombohedral  RM,  intermetallics 
(+  rhombohedral  translations). 


Atoms 

Site 

Positions 

3  Rj 

3a 

(0,0,0) 

6R„ 

6c 

+(0,0, z)  z  =  0.141 

3  Mj 

3b 

(0.0,%) 

6M„ 

6c 

(0,0, z)  z  =  0.333 

18 

18h 

+(x,x,z);+(x,2x,z); 

+(2x,x,z) 

X  =  0.509  z  =  0.082 

A  single  crystal  of  ErNi^  was  grown  by  the  Czochralski  method  in  the  Neel 
laboratory  in  Grenoble,  France  where  the  magnetization  studies  were  performed. 
Figs.  10a  and  b  show  several  magnetization  isotherms  versus  applied  field 
along  the  c  and  b  axes.  As  the  temperature  increases,  the  magnetization  at 
zero  field  in  the  basal  plane  decreases  rapidly  and  vanishes  at  lOK.  Above 
this  temperature,  the  zero  field  magnetization  along  the  c  axis  corresponds  to 
the  spontaneous  moment;  the  c  axis  has  become  the  easy  axis  of  magnetization. 
The  spontaneous  moment  vanishes  at  about  39K,  the  Curie  temperature. 
Accordingly,  there  is  a  reorientation  of  the  spontaneous  moment  below  lOK.  At 
4.2K  the  spontaneous  magnetization  makes  an  angle  of  about  29*  with  the  c 
axis. 

As  the  crystal  was  too  small  for  neutron  diffraction,  the  neutron  data 
were  collected  at  temperatures  of  4.2  to  25K  on  powders  prepared  at  Rolla  and 


anisotropies  of  the  magnetic  atoms  coupled  through  exchange.  Since  in  ErNi^ 
the  magnetism  of  Ni  is  negligible,  this  competition  in  anisotropies  results 
from  the  two  different  environments  of  the  Er  atoms.  The  moments  of  Er^ 
always  make  an  angle  with  the  c  axis  smaller  than  those  of  Er^^.  This  is 
consistent  with  the  fact  that  the  easy  direction  for  Er^  is  along  c  and  for 
Erjj  it  is  perpendicular  to  c,  as  inferred  from  Fig.  1.  The  evolution  with 
temperature  toward  a  col  linear  structure  parallel  to  c  arises  from  the  more 
rapid  decrease  of  the  local  anisotropy  of  the  Erjj  atoms. 

2.  ErCOj  -  Magnetization  Measurements.  The  Curie  temperature  of  ErCo3 
is  about  401K.^^^^  The  magnetization  isotherms  as  a  function  of  applied  field 
along  the  a,  b,  and  c  axes  are  shown  in  Figs.  11a  and  b.  It  is  evident  that 
the  c  axis  is  the  easy  direction  with  a  spontaneous  moment  of  about  5  Ug  for 
ErCo^  assuming  the  moments  of  Co  to  be  1.33  ug/Co,  as  in  GdCog.  A  moment  of  9 
Ug/Er  results  which  corresponds  to  the  maximum  gJzy^  and  the  magnetic 
structure  is  thus  col  linear.  In  contrast  to  ErNi^  no  evidence  of 
reorientation  of  the  easy  axis  was  observed  over  the  temperature  range 
4.2-300K.  In  effect  the  cobalt  atoms  like  the  Er^  atoms  favor  the  c  direction 
and  the  exchange  interactions  of  Er-Co  stabilize  a  col  linear  array. 

When  the  field  is  applied  perpendicular  to  the  c-axis,  the  magnetization 
curves  exhibit  a  sharp  change  for  a  critical  value  of  field.  Figs.  10a  and  b. 
At  4.2K  this  critical  field.  He,  attains  values  of  23  and  21  kOe  along  the  b 
and  a  directions,  respectively.  The  critical  field  increases  with  increasing 
temperature  although  the  amplitude  (an,  Ug/ErCOg)  of  the  dicontinuity 
decreases.  Beyond  the  critical  field,  the  magnetization  is  less  than  the 
spontaneous  magnetization. 

3.  ErFOg  -  Magnetization  Measurements  and  Magnetic  Structure.  The  Curie 
temperature  of  ErFe^  is  about  555K.^^®^  Figs.  12a  and  b  give  the  result  of 
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Fig.  12.  Magnetization  isotherms  versus  applied  field 
temperatures  for  ErFe,:  (a)  parallel  to  c 
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the  magnetization  measurement  versus  applied  field  along  the  three  principal 
directions.  The  easy  direction  at  4.2K  is  the  c  axis  with  a  spontaneous 
moment  of  about  3.74  Ug/ErFe^.  If  we  attribute  a  moment  of  9  wg  to  Er  as  in 
ErCOg,  the  average  moment  of  Fe  is  1.75  wg. 

As  the  temperature  increases  a  sharp  discontinuity  in  the  magnetization 
at  zero  field  along  c  is  observed  at  Tp  =  42K,  Fig.  13.  Above  this 


TEMPERATURE { K) 


Fig.  13.  Thermali  variat^ions  of  the  spontaneous  moment  components  m| 
and  M-  -L along  c  and  S.  ^ 


temperature,  the  c  axis  is  no  longer  the  easy  axis  because  a  zero  field 
magnetization  is  obtained  along  a,  and  c.  Above  Tp  -  210K  the  spontaneous 

"2 

component  along  the  c  axis  is  zero  whereas  those  along  t  and  B  are  equal.  The 

(ab)  plane  perpendicular  to  c,  therefore,  becomes  the  easy  plane.  Between  T^^ 

and  Tp  ,  a  reorientation  of  the  moments  arises  lending  to  a  noncoil  inear 
2 

structure,  as  evidenced  by  the  sharp  discontinuity  of  the  angle  of  the 


38 


spontaneous  moment  with  c.  Specifically  at  there  is  a  first  order 

transition  between  two  different  magnetic  phases,  I  and  II.  The  transition 

can  be  induced  below  by  applying  a  field  perpendicular  to  c  and  observed 

by  the  appearance  of  a  discontinuity  at  a  critical  field,  Hp  .  On  the  other 

‘'I 

hand,  the  inverse  transition  can  be  induced  above  T|^  by  application  of  a 

field  parallel  to  c  resulting  in  a  critical  field  Hp  .  The  thermal  variation 

of  these  fields  are  shown  in  Figs.  14a  and  b  and  defines  the  stable  regions  of 

phases  I  and  II  as  a  function  of  field  direction.  In  Fig.  12b  the  thermal 

variation  of  the  basal  component  of  magnetization  above  T.  =  210K  corresponds 

K2 

to  the  thermal  variation  of  the  spontaneous  magnetization.  It  becomes  zero  at 
Tcomp  *  235K,  for  which  the  magnetic  moments  of  the  Er  atoms  are  equal  and 
opposite  to  those  of  the  Fe  atoms. 
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Fig.  14.  Thermal  variations  of  the  critical  fields  along  the  direction 
of  the  applied  field:  (a)  ,  and  (b)  . 


Powder  neutron  diffraction  data  were  collected  at  4.2,  77,  and  300K  to 
establish  the  exact  magnetic  configurations  of  phases  I  and  II,  and  of  the 
stable  phase  III  above  210K,  Fig.  15.  At  4.2K  the  magnetic  (00 Ji)  peaks  are 
absent  and,  therefore,  the  easy  axis  is  c  in  accord  with  the  magnetization 
data.  The  refinement  resulted  in  a  weighted  R  factor  of  2.5%  for  the  moment 
values  given  in  Table  XIII.  At  77K  the  003  intensity  is  considerably 
increased.  Fig.  15,  the  moments  are  no  longer  parallel  to  c.  As  for  ErNi^, 
the  best  model  is  a  noncollinear  one  in  which  the  moments  are  in  a  plane 
containing  the  c  axis.  Their  values  and  the  angles,  0  ,  which  they  make  with 
the  c  axis  are  given  in  Table  XIII.  At  300K  a  collinear  structure  with  the 
magnetic  moments  in  the  basal  plane  gives  excellent  agreement  with  the  neutron 
data.  The  refinement  results  are  in  Table  XIII. 

Table  XIII.  Results  of  the  refinement  of  neutron  data  for  ErFe-,  at  4.2,  77, 
and  300K.  ^ 


Atoms 

4.2K 

e 

77K 

h(.b) 

e 

300K 

M(pj) 

0 

E'-i 

9. 6+0. 5 

o» 

8.8+P.2 

38+4” 

3.6+0. 3 

SO 

o 

o 

^"II 

8. 9+0. 3 

0" 

8. 4+0. 2 

57+4” 

4. 1+0.2 

90” 

Fe 

1.9+0. 2 

0 

O 

CO 

1. 9+0.1 

236+4” 

1. 7+0.1 

90” 

It  is  evident  that  the  magnetic  behavior  of  the  compounds  of  RFe^  arises 
from  the  competition  among  the  local  anisotropies  of  the  Fe  atoms  which,  by 
reason  of  strong  exchange  interactions,  leads  to  a  total  (net)  anisotropy  of 
Iron  favoring  the  plane  perpendicular  to  the  c  axis. 
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